Gombos RB, Brown JC, Teefy J, Gibeault RL, Conn KL, Schang LM, Hemmings DG. Vascular dysfunction in young ec50, mid-aged and aged mice with latent cytomegalovirus infections. Am J Physiol Heart Circ Physiol 304: H183-H194, 2013. First published November 2, 2012; doi:10.1152/ajpheart.00461.2012.-Human cytomegalovirus (HCMV) is associated with vascular diseases in both immunosuppressed and immunocompetent individuals. CMV infections cycle between active and latent phases throughout life. We and others have shown vascular dysfunction during active mouse CMV (mCMV) infections. Few studies have examined changes in physiology during latent CMV infections, particularly vascular responses or whether the negative effects of aging on vascular function and fertility will be exacerbated under these conditions. We measured vascular responses in intact mesenteric and uterine arteries dissected from young, mid-aged, and aged latently mCMV-infected (mCMV genomes are present but infectious virus is undetectable) and agematched uninfected mice using a pressure myograph. We tested responses to the ␣ 1-adrenergic agonist phenylephrine, the nitric oxide donor sodium nitroprusside, and the endothelium-dependent vasodilator methacholine. In young latently mCMV-infected mice, vasoconstriction was increased and vasodilation was decreased in mesenteric arteries, whereas both vasoconstriction and vasodilation were increased in uterine arteries compared with those in age-matched uninfected mice. In reproductively active mid-aged latently infected mice, mesenteric arteries showed little change, whereas uterine arteries showed greatly increased vasoconstriction. These vascular effects may have contributed to the decreased reproductive success observed in mid-aged latently mCMV-infected compared with age-matched uninfected mice (16.7 vs. 46.7%, respectively). In aged latently infected mice, vasodilation is increased in mesenteric and uterine arteries likely to compensate for increased vasoconstriction to mediators other than phenylephrine. The novel results of this study show that even when active mCMV infections become undetectable, vascular dysfunction continues and differs with age and artery origin. uterine arteries; mesenteric arteries; infertility; vascular function; pressure myograph HUMAN CYTOMEGALOVIRUS (HCMV) is a member of the ␤-Herpesviridae family (50). In the human population, it infects 40 to 80% of individuals (10). Although in the general population it is thought to be mostly asymptomatic, infection has been associated with tumorigenesis, transplant rejection, vascular diseases such as atherosclerosis and restenosis, and increased mortality and hypertension (9, 19, 23, 26, 33, 62, 64) . The mechanisms whereby HCMV infections result in vasculopathy are still unclear.
The prevalence of systemic cardiovascular diseases increases dramatically after age 50 (5, 8) . This is accompanied by increased vascular tone, endothelial dysfunction, and hypertension (35) . Moreover, vasodilation is decreased and vasoconstriction is increased. Production, bioavailability, and smooth muscle sensitivity to nitric oxide (NO), a potent vasodilator, typically decrease, whereas prostaglandin H synthase (PGHS)-1/2 expression and production of vasoconstrictor prostanoids are increased with age (32, 55, 56) . Infertility also greatly increases as women age; between 30 to 45 years of age, the fertility rate drops by Ͼ30% (21) . Potential causes of reduced fertility before menopause include chromosomal abnormalities, hormonal imbalances, uterine and ovarian malformations, and hypertensive complications, all of which increase with age (21, 51) . Hypertensive complications, such as increased vascular resistance and decreased endotheliumdependent vasodilation, may be increased in HCMV-infected individuals (16, 19) .
Like other herpesviruses, CMV is not cleared from the host following primary infection. CMV maintains a lifelong infection through cycles of latency and reactivation (46) . Latency is defined as the presence of viral DNA in the absence of detection of infectious, replicating virus (46) , although it is likely that low levels of virus persist during chronic infections (15) . Reactivation of a latent CMV infection, and thus production of infectious, replicating virus, occurs in different tissues in response to stimuli such as stress, inflammation, drug treatments, and pregnancy (7, 47, 58) . The number of reactivation cycles an individual undergoes in a lifetime is difficult to estimate because of the varied stimuli that likely contribute to viral reactivation. Viral replication and the subsequent immune responses are likely necessary for the establishment or acceleration of vasculopathy (60) and atherosclerosis (16) . However, diseases such as inflammatory bowel disease may be exacerbated during latent CMV infections (40) . Khoretonenko et al. (28) recently showed that endothelial-dependent vasodilation was reduced in small cremaster muscle arterioles using intravital microscopy in mice at 9 and 12 wk of persistent mouse CMV (mCMV) infection. Previously, we have shown that active mCMV infections impair vascular responses in both mesenteric and uterine arteries isolated from young nonpregnant and late pregnant mice and mounted on a pressure myograph system. These effects likely occur by both direct viral infection of cells within the vascular wall and indirect, systemic effects of the immune system (13, 14) . What is not yet known is whether vascular changes in these vascular beds are maintained once the active infection becomes latent, particularly during aging.
Our objectives were to investigate the effect of latent CMV infections on vascular function and fertility with age. Vascular resistance and systemic blood pressure are impacted by the mesenteric vasculature. In our previous studies we showed an overall increase in vasodilation in mesenteric arteries isolated from mice actively infected with mCMV (14) , which may be to compensate for increased vasoconstrictory activity (6, 12, 13) . It is unknown whether these effects in mesenteric arteries are maintained during mCMV latency and whether the additional stress of aging would reduce the mCMV-mediated increase in vasodilation allowing vasoconstrictory effects to increase vascular tone. We hypothesized that the oldest animals infected with CMV at a young age will experience the greatest vascular dysfunction compared with age-matched uninfected controls and all other animal groups. Uterine artery vascular responses are important to reproductive function and we had previously shown decreased vasodilation and increased vasoconstriction in uterine arteries from mCMV-infected pregnant mice (14) . Pregnancy and aging are both stress factors for development of vascular dysfunction particularly in the presence of a second stressor such as an infection. Since we saw that vascular responses in the uterine arteries were impaired in actively infected pregnant mice, we decided to examine uterine artery function and reproductive success during the dual stress of aging and a latent mCMV infection. We hypothesized that uterine arteries from mid-aged but not young latently infected mice will show decreased vasodilation compared with age-matched uninfected controls and that this will be associated with increased infertility. Moreover, we hypothesized that independent of infection, mesenteric and uterine arteries from aged uninfected mice will have a greater reduction in NO-mediated vasodilation compared with arteries from young or mid-aged uninfected mice and therefore show a greater impairment of methacholine (ME)-induced vasodilation. We therefore measured vasoconstriction and vasodilation responses in mesenteric and uterine arteries isolated from young, mid-aged, and aged mCMVinfected female mice, where infectious virus was undetectable but mCMV DNA was present, compared with age-matched uninfected mice.
METHODS
Animals. C57BL/6J female mice purchased from Jackson Laboratories were housed in Health Sciences Laboratory Services at the University of Alberta. They were infected with mCMV containing a LacZ insertion in the nonessential immediate early 2 gene (RM427 ϩ ; gift from E. Mocarski, Stanford University, Stanford, CA) (57).
RM427
ϩ was propagated in mouse fibroblasts as previously described (14) . An active mCMV infection was detected by staining for ␤-galactosidase protein, expressed from the LacZ insertion. Young female mice were injected with 10 6 plaque forming units of RM427 ϩ intraperitoneally and euthanized via cervical dislocation within 1 to 2 wk postinfection (acute mCMV infection) or 2 to 3 mo postinfection (latent mCMV infection). Young infected and uninfected mice ranged from 4 -6 mo of age. Mid-aged latently mCMV-infected and uninfected mice (7-10 mo of age) were euthanized 5-8 mo postinfection, and aged latently mCMV-infected and uninfected mice (18 -30 mo of age) were euthanized 16 -28 mo postinfection. Some mid-aged latently mCMV-infected and uninfected female mice were bred to young uninfected males. Tissues including the heart, kidney, liver, lungs, spleen, uteri, and the mesentery were collected from each animal. A latent infection was defined as the presence of viral DNA in the lung, spleen, liver, or kidney as assessed by PCR, but the absence of detectable infectious mCMV as assessed by lack of detection of ␤-galactosidase protein established in each animal a minimum of 2 mo after receiving 10 6 plaque forming units of mCMV intraperitoneally. All animal studies were conducted in accordance with the Canadian Council on animal care guidelines and policies with approval from the Health Sciences Animal Care and Use Committee for the University of Alberta.
Immunofluorescence. The heart, kidney, liver, lungs, and spleen were immediately embedded in optimum cutting temperature (TissueTek) and snap frozen. Tissues in optimum cutting temperature were cryosectioned into 7-m slices, mounted onto slides, dried overnight, and stored at Ϫ80°C. Slides were thawed for 1 to 2 h at RT, fixed in cold methanol for 10 min at Ϫ20°C, and washed with phosphatebuffered saline (PBS) three times for 10 min each. Tissue sections on the slides were circled with a PAP pen and blocked with 10% normal goat serum (NGS; Cedarlane) for 1 h. After blocking, chicken anti-␤-galactosidase primary antibody (1 g/ml; AbCam) diluted in 10% NGS was added to two of the three sections on the slide, with the remaining section receiving only 10% NGS as the negative control. The slides were incubated at 4°C overnight. Following three 5-min washes with PBS, Alexa Fluor-488 goat anti-chicken (4 g/ml) secondary antibody was added to each section and incubated for 45 min at room temperature. After three 10-min washes in PBS, 4=,6-diamidino-2-phenylindole (DAPI, 0.915 mg/ml; Invitrogen) was added for 15 min at room temperature and washed again three times for 5 min each with PBS. Vectashield H:1000 (Vector, Burlington, CA) was applied, and the section was then sealed with a coverslip and stored in the dark at 4°C. Stained sections were viewed with an Olympus ϫ81 fluorescent microscope (Olympus, Ontario, Canada) using Slidebook 2, 3-D Timelapse Imaging Software to normalize the images (Intelligent Imaging Innovations).
DNA extraction. DNA was basically extracted as described in Schang et al. (52) . Finely chopped kidneys and spleens were incubated in 2 ml TNES buffer, consisting of 10 mM Tris (pH 8.0), 0.4 M NaCl, 100 mM EDTA, and 0.6% SDS and 30 l of proteinase K (20 mg/ml, Fermentas) for ϳ48 h at 55°C and then extracted with 1 volume of 1:1 phenol:chloroform. The aqueous layer was chloroform extracted thrice, the DNA was precipitated with 1 volume of 2-propanol overnight at Ϫ20°C and pelleted by centrifugation at 10,000 g for 25 min at 4°C (Beckman Coulter Avanti J-E centrifuge; JA-14 rotor). The pellet was resuspended in 5 ml of TE buffer, consisting of 10 mM Tris (pH 8.0) and 1 mM EDTA, as well as 1:1 phenol: chloroform extracted once and chloroform extracted thrice. The DNA pellet was resuspended in 5 ml double-distilled water (ddH 2O), precipitated with 1 volume of 2-propanol overnight at Ϫ20°C, rinsed with 2 ml of Ϫ20°C 70% ethanol, air dried, and dissolved in 100 l sterile ddH2O.
Finely chopped lungs and livers were digested in 2.5 ml of STES buffer, consisting of 0.2 M Tris, 0.5 M NaCl, 0.01 M EDTA, and 0.5% SDS and 50 l of proteinase K (20 mg/ml, Fermentas) for ϳ48 h at 55°C. For lungs, the volume was brought up to 3 ml with sterile ddH2O, the samples were extracted thrice with phenol:chloroform, and the aqueous layer was then extracted twice with 1 volume of chloroform. The DNA was precipitated with 1 volume of 2-propanol, pelleted by centrifugation, resuspended in 6 ml of ddH2O, and reprecipitated with 5 ml of 2-propanol at Ϫ20°C overnight. The final pellet was rinsed with 2 ml of Ϫ20°C 70% ethanol, air dried, and dissolved in 100 l of ddH2O.
Liver samples were extracted once with phenol, thrice with phenol: chloroform, and once with chloroform. The DNA was precipitated with 2 ml of 2-propanol. The resuspended DNA was extracted twice with 1 volume of chloroform, and reprecipitated with 5 ml of 2-propanol at 4°C for 2 h. The final pellet was air dried and dissolved in 200 l of ddH2O.
DNA concentrations were determined by optical density at 260 to 280 nm.
Polymerase chain reaction. The ie1/ie3 promoter region of mCMV was amplified using the primers described by Tang and Maul (59) (forward, 5=-GTA CAA AAG GTC AAT AGG GG-3=; and reverse, 5=-GTA CCG ACG CTG GTC GCG CC-3=). Spleen (300 ng) or lung (1,000 ng) DNA, where concentration permitted, were amplified with 1.25 U Platinum Pfx DNA polymerase (Invitrogen) in 18 mM (NH4) 2SO4 and 60 mM Tris-SO4 (pH 8.9) (Pfx amplification buffer), 0.5 mM MgSO4, 0.3 M of each primer, and 0.3 mM each dNTP. The initial denaturation step was at 96°C for 4.5 min. DNA was amplified for 40 cycles of denaturation at 96°C for 1 min, annealing at 62°C for 1 min and extension at 68°C for 1 min. A final extension step of 5 min at 68°C was performed after the 40 cycles. DNA from mice that did not test positive for mCMV in any tissue in the original amplification was reamplified with Taq polymerase, using one twentieth of the product of the first amplification as the template.
Kidney Southern blot transfer. The PCR products were resolved by electrophoresis in 2% agarose gels in TAE buffer, consisting of 40 mM Tris-acetate and 50 mM EDTA (pH 8.5). Agarose gels were rinsed in ddH 2O and incubated in 5 M HCl for 45 min and then in alkaline transfer buffer (0.4 M NaOH, 1 M NaCl) for 15 min, all with gentle agitation. Buffer was replaced with fresh alkaline transfer buffer for an additional 15-min wash. The gels were next incubated in neutralization buffer consisting of 1 M Tris (pH 7.4) and 2 M NaCl, twice for 15 min each. Meanwhile, a nylon membrane cut to fit the gel was wetted in distilled water and incubated in 10ϫ SSC (1ϫ SSC: 150 mM NaCl, 15 mM sodium citrate) for 15 min. The blotting apparatus was assembled and DNA was capillary transferred with 10ϫ SSC for ϳ48 h. Membranes were then incubated for 1 min each in 0.4 N NaOH and then 1ϫ SSC/0.2 M Tris (pH 7.0).
Hybridization. Membranes were prehybridized in 7 ml of rapid hybrid buffer (Amersham Biosciences, Pistcataway, NJ) for 1 h at 67°C. An mCMV DNA-specific oligo (5=-GGT CGC GCC TCT TAT ACC CAC G) was synthesized by Integrated DNA Technologies through the University of Alberta Institute for Biomolecular Design. The probe was end-labeled with T4 kinase (Invitrogen) as per the manufacturer's instructions. Briefly, 5 pmol of probe were incubated with 50 Ci [␥-
32 P]-ATP (PerkinElmer, Boston, MA) and 5 U T4 kinase in 250 mM imidazole-HCl pH 6.4, 60 mM MgCl, 5 mM mercaptoethanol, and 350 M ADP (exchange reaction buffer) for 1 h at 37°C. The probe and blocker (3.25 g Vero DNA) were incubated in a boiling water bath for 10 min, cooled on ice for 5 min, added to 5 ml of rapid hybrid buffer prewarmed to 67°C, and then added to the membranes for hybridization for 3 h at 67°C. Membranes were washed twice for 20 min each in 2ϫ SSC/0.1% SDS at room temperature and then in 0.5ϫ SSC/0.5% SDS for 15 min at 52°C. The membranes containing the PCR products from reamplications were further washed in 0.5ϫ SSC/0.5% SDS for an additional 15 min at Fig. 1 . Immunofluorescent staining for ␤-galactosidase protein expression in tissues from young and aged latently mouse cytomegalovirus (mCMV)-infected and uninfected mice. Heart, kidney, liver, lung, and spleen tissues from young (A) and aged (B) mice that were uninfected or infected at 1 to 2 mo of age were collected 2 wk postinfection (acute infection; A) or Ͼ2 mo postinfection (latent infection: young, A; and aged, B). Tissues were stained for ␤-galactosidase protein expression (green) to test for active infection. Nuclei were stained with 4=, 6-diamidino-2-phenylindole (DAPI, blue).
60°C. Membranes were exposed to FischerBiotech Intensifying Screens.
Myograph studies. The second-order mesenteric and main uterine arteries were dissected free of adipose and connective tissue in HEPES-buffered physiological saline solution (HEPES-PSS), consisting of (in mM) 10 HEPES, 1.56 CaCl, 142 NaCl, 4.7 KCl, 1.18 KH 2PO4, 1.17 MgSO4, and 5.5 glucose at pH 7.5 and immediately used in myograph studies in a dual-chamber arteriograph (Living Systems Instrumentation). In each chamber, one end of an artery was mounted and tied onto a glass cannula (80 -100 m diameter), connected to a pressure transducer to modulate intraluminal pressure, as previously described (20, 22) . Residual blood was removed from the artery with a low flow (10 l/min) of HEPES-PSS, and the other end of the vessel was mounted and tied onto the second cannula. The vessel was then pressurized to 60 (mesenteric arteries) or 50 (uterine arteries) mmHg for 30 min (18, 41, 61) . Arteries unable to maintain pressure were discarded and not included in the data sets. In this situation, new arteries from the same animal were mounted. Each 2.5-ml HEPES-PSS bath containing the vessel was kept at a constant temperature of 37°C.
Experimental design. Following equilibration, a CCD video camera module (Sony) connected to a compound microscope was used to measure the initial lumen diameter with a video dimension analyzer as previously described (14, 20) . Vasoconstriction in mesenteric and uterine arteries was assessed following increasing concentrations of the ␣ 1-adrenergic agonist phenylephrine (PE; 10 nM to 10 M; Sigma). Vasodilation was assessed to increasing concentrations of ME (1 nM to 10 M; Sigma) after 50% preconstriction to PE with or without pretreatment with the NO inhibitor N G -nitro-L-arginine methyl ester (100 M; Calbiochem) and/or the PGHS-1/2 inhibitor meclofenamate (1 M; Sigma). Endothelium-independent vasodilation was measured after adding the NO donor sodium nitroprusside (SNP; 0.1 nM to 100 M; Sigma) to preconstricted arteries. The percent vasoconstriction was calculated as 1 Ϫ L2/L1 ϫ 100, where L1 is the initial lumen diameter and L2 is the arterial lumen diameter following drug addition. The percent vasodilation was calculated as L2 Ϫ L1/L1 ϫ 100, which was normalized to the artery diameter when fully relaxed. This was attained by measuring the passive lumen diameter following a thorough washout with Ca 2ϩ -free EGTA PSS, consisting of (in mM) 10 HEPES, 142 NaCl, 4.7 KCl, 1.18 KH2PO4, 1.17 MgSO4, and 2 EGTA, and a 10-min incubation with 100 M of papaverine (Sigma). After incubation in Ca 2ϩ -free EGTA PSS, a distensibility curve was performed on arteries with step increases in pressure from 4 to 170 mmHg. The lumen diameter was unable to be read at 0 mmHg (collapsed vessel), and, therefore, pressure readings began at 4 mmHg as previously described (12) . Distensibility was calculated as D2 Ϫ D1/D2 ϫ 100, where D1 is the initial diameter and D2 is the lumen diameter post-pressure change.
Statistics. Results were averaged by group (mCMV-infected, uninfected, mesentery, and uterine) and treatment and reported as means Ϯ SE. Values for the PE, ME, and SNP dose-response curves were compared for arteries from mCMV-infected and uninfected mice with the repeated-measures two-way ANOVA to determine significance between curves. This was followed by Holm-Sidak's post hoc analysis to determine significance between points within the curves. The EC 50 was calculated for each set of sigmoidal-shaped curves for the uterine arteries. The EC50 values for mesenteric arteries could not be calculated since these curves were not sigmoidal. EC50 values were compared using a Student's t-test. Significance was accepted at P Ͻ 0.05. , mid-aged (B and E), and aged (C and F) latently mCMV-infected and age-matched uninfected mice. Results for each curve were summarized and expressed as means Ϯ SE percent decrease in lumen diameter compared at each PE concentration with the initial equilibrated diameter. Significant differences between the curves was calculated using a repeated-measures 2-way ANOVA (P Ͻ 0.05). This was followed by Holm-Sidak's post hoc analysis to determine significance between points within the curves (P Ͻ 0.05). *P Ͻ 0.05, significant differences; n ϭ number of animals.
RESULTS

Detection of latent mCMV infection in young, mid-aged, and aged mice.
To evaluate the status of infection in active versus latently infected mice, we assessed ␤-galactosidase protein and mCMV DNA in the heart, kidney, liver, lung, and spleen. Detection of ␤-galactosidase produced from the LacZ gene insertion into the nonessential immediate early 2 gene in the mCMV RM427
ϩ virus represents the presence of active replicating virus. In contrast, a latent infection was defined as undetectable ␤-galactosidase protein expression with positive detection of mCMV DNA in mCMV-infected mice. In the young, acute, mCMV-infected mice, ␤-galactosidase was detected in all five tissues (active infection) (Fig. 1A) . In contrast, no tissues tested from the uninfected or mCMV-infected young mice 2-mo postinfection (latent infection) expressed ␤-galactosidase (Fig. 1A) . Similarly, tissues from mid-aged (data not shown) or aged (Fig. 1B) uninfected or latently mCMVinfected mice did not express ␤-galactosidase. In contrast, all infected mice tested positive for mCMV DNA in at least one organ. Three of five acutely infected mice tested positive in all organs but one, one tested positive in all organs, and one in only one organ. Most latently infected mice tested positive in one (all young and aged mice and one mouse mid-aged) to two organs (most mid-aged), except for one mid-aged mouse that tested positive in three organs. As expected (2, 45), mCMV DNA was detected most frequently in kidneys during acute infection or in lungs and spleens during latency.
Pregnancy success rate in mid-aged latently mCMV-infected and uninfected mice. Mid-aged latently mCMV-infected and age-matched uninfected mice were bred. Seven of fifteen mid-aged uninfected mice (46.7%) but only three of eighteen mid-aged latently mCMV-infected mice (16.7%) carried their pregnancies to term after being visibly plugged. In comparison, young uninfected mice and young actively mCMV-infected mice completed 83.3% (10 of 12) and 90.0% (9 of 10) of their pregnancies, respectively, after visible plugging.
PE-induced vasoconstriction in arteries from young, midaged, and aged latently mCMV-infected and age-matched uninfected mice. Vasoconstriction to the ␣ 1 -adrenergic agonist PE in mesenteric arteries significantly increased (P Ͻ 0.05) in young latently mCMV-infected compared with uninfected mice (Fig. 2A) . No differences were seen in mesenteric arteries from mid-aged and aged latently infected mice compared with age-matched uninfected mice (Fig. 2, B and C) . Similar to mesenteric arteries, PE-induced vasoconstriction was significantly increased (P Ͻ 0.05) in uterine arteries from young latently mCMV-infected compared with young uninfected mice (Fig. 2D) . Overall, PE-induced vasoconstriction was significantly more sensitive (P Ͻ 0.001) in uterine arteries from mid-aged latently mCMV-infected mice (EC 50 , 88.9 Ϯ 5.8 nM) compared with those from mid-aged uninfected mice (EC 50 , 706 Ϯ 79 nM) (Fig. 2E) . PE-induced vasoconstriction did not differ between uterine arteries from aged latently mCMV-infected and uninfected mice (Fig. 2F) . 
Endothelium-dependent vasodilation in arteries from young, mid-aged, and aged latently mCMV-infected and age-matched uninfected mice.
Vasodilation curves significantly differed overall (P Ͻ 0.01) in mesenteric arteries from young and aged mice; however, vasodilation at specific doses of the endothelium-dependent vasodilator ME in mesenteric arteries from latently mCMV-infected and uninfected mice significantly differed only in mid-aged and aged mice (Fig. 3, A-C) . In midaged latently mCMV-infected mice, vasodilation was slightly but significantly decreased (P Ͻ 0.05) only at the maximum ME concentration. In contrast, ME-induced vasodilation was significantly increased (P Ͻ 0.05) at several ME concentrations, including the maximum in mesenteric arteries from aged latently mCMV-infected compared with age-matched uninfected mice (Fig. 3, B and C) . In uterine arteries, vasodilation overall was significantly greater in uterine arteries from young, mid-aged, and aged mCMV-infected compared with uninfected mice when comparing entire curves (P Ͻ 0.05) (Fig. 3, D-F) . However, only uterine arteries from young latently mCMV-infected (EC 50 , 74.0 Ϯ 2.77 nM) compared with young uninfected mice (EC 50 , 111 Ϯ 7.13 nM) showed a significantly increased sensitivity to ME (P Ͻ 0.001) (Fig. 3D) . Uterine arteries from mid-aged and aged latently mCMV-infected and uninfected mice did not differ at specific doses of ME (Fig. 3, E and F) .
Contribution of NO or prostaglandins to endothelium-dependent vasodilation in arteries from young, mid-aged, and aged latently mCMV-infected and age-matched uninfected mice. To determine whether changes in the contribution of NO or prostaglandins to ME-induced vasodilation could explain the results in Fig. 3 , we measured the difference between arteries from latently mCMV-infected and uninfected mice to ME-induced vasodilation in the presence or absence of single or combined inhibitors to NO or PGHS-1/2. Although all arteries showed that NO contributed to ME-induced vasodilation, there were no differences in that contribution in mesenteric arteries from latently mCMV-infected compared with uninfected mice at any age (Fig. 4) . In addition, PGHS-1/2 inhibition or the combined inhibition of NO and PGHS-1/2 did Nitric oxide contribution to ME-induced vasodilation in mesenteric arteries from young, mid-aged, and aged uninfected and latently mCMV-infected mice.
ME-induced vasodilation was measured in mesenteric arteries from young (A-C), mid-aged (D-F), and aged (G-I) latently mCMV-infected (B, E, and H) and uninfected (A, D, and G) mice in the presence and absence of N G -nitro-L-arginine methyl ester (L-NAME).
Results for each curve were expressed as means Ϯ SE, and the dose-response curves were compared as in Fig. 2 . The area under each curve was calculated, and the difference between 2 curves on the same graph was obtained. These differences in area under the curve were compared between latently mCMV-infected and uninfected groups (C, F, and I) with a Student's t-test. *P Ͻ 0.05, significant differences; n ϭ number of animals. not alter ME-induced vasodilation in mesenteric arteries in any group (data not shown). Similar results were found in uterine arteries (data not shown).
Endothelium-independent vasodilation in arteries from young, mid-aged, and aged latently mCMV-infected and age-matched uninfected mice. Mesenteric arteries from young latently mCMV-infected mice had a slight but significantly increased vasodilation to the NO donor SNP at only one physiologically relevant dose (0.5 M; P Ͻ 0.05) compared with age-matched uninfected mice (Fig. 5A) . Mesenteric arteries from mid-aged latently mCMV-infected mice had significantly decreased SNP-induced vasodilation (P Ͻ 0.05) compared with agematched uninfected mice at the highest concentrations (Fig.  5B) . Mesenteric arteries from aged latently mCMV-infected and uninfected mice did not differ in response to SNP (Fig.  5C) . In contrast to mesenteric arteries, uterine arteries from young and mid-aged latently mCMV-infected mice did not differ in response to SNP compared with age-matched uninfected mice (Fig. 5, D and E) . In uterine arteries from aged latently mCMV-infected mice, however, SNP-induced vasodilation was significantly decreased overall (P Ͻ 0.05) compared with age-matched uninfected mice (Fig. 5F) .
Distensibility of arteries from young, mid-aged, and aged latently mCMV-infected and age-matched uninfected mice.
Mesenteric arteries from young latently mCMV-infected mice had significantly decreased passive distensibility (P Ͻ 0.05) compared with young uninfected mice (Fig. 6A) . Mesenteric arteries from mid-aged and aged latently mCMV-infected mice (Fig. 6 , B and C) and uterine arteries from young, mid-aged, and aged latently mCMV-infected mice showed no differences in passive distensibility compared with age-matched controls (Fig. 6, D-F) .
Comparison of vascular responses in arteries from uninfected mice during aging. Mesenteric and uterine arteries from young, mid-aged, and aged uninfected mice did not differ in response to PE-induced vasoconstriction (Fig. 7, A-D) . Although mesenteric arteries also did not differ in response to ME (Fig. 7B) , uterine arteries from mid-aged uninfected mice (EC 50 , 63.4 Ϯ 2.60 nM) were significantly more sensitive (P Ͻ 0.001) to ME than both young (EC 50 , 110 Ϯ 7.13 nM) and aged (EC 50 , 153 Ϯ 16.6 nM) uninfected mice (Fig. 7E) . Mesenteric arteries from mid-aged and aged uninfected mice had significantly increased endothelium-independent SNP-induced vasodilation (P Ͻ 0.05) compared with young uninfected mice (Fig. 7C) . Uterine arteries from young, mid-aged, and aged uninfected mice did not differ in response to SNP (Fig. 7F ). There were no differences in distensibility for either mesenteric or uterine arteries from uninfected mice among any of these age groups (data not shown).
DISCUSSION
Active infections with HCMV, a ␤-Herpesviridae virus, are associated with tumorigenesis, transplant rejection, vascular diseases such as atherosclerosis and restenosis, increased mortality, and hypertension (9, 19, 23, 26, 33, 62, 64) . Our study shows for the first time that vascular dysfunction in mesenteric and uterine arteries from mice infected with mCMV occurs even after the active infection has progressed to the latent stage, in which infectious virus is undetectable. However, the and D) , mid-aged (B and E), and aged (C and F) latently mCMV-infected and age-matched uninfected mice. Results were summarized and presented as means Ϯ SE, and significant differences were assessed as for Fig. 2 . *P Ͻ 0.05, significant differences; n ϭ number of animals. specific vascular changes depended on the vascular bed and in some cases worsened with age. In young mice, mesenteric and uterine arteries from latently mCMV-infected mice showed increased vasoconstriction and uterine arteries showed increased endothelial-dependent vasodilation compared with arteries from age-matched uninfected mice. In mid-aged latently infected mice, vasoconstriction was increased in uterine arteries, which may in part have contributed to the reduced fertility observed in these mice compared with age-matched uninfected mice. Finally, in aged latently mCMV-infected mice, both mesenteric and uterine arteries showed increased endothelialdependent vasodilation and the uterine arteries also showed a decreased vasodilation response to an NO donor. Viral latency has been operationally defined as the absence of infectious, replicating virus with maintenance of the viral genome in the tissues of the host (46) . Most organs in the body can be sites of both active and latent CMV infections; only lymphocytes and neutrophils do not support CMV replication (42) . Whereas viral latency may exist in one organ or cell type, viral replication (i.e., reactivation) may be occurring in another organ or cell type within the same host (2) . It is also difficult to predict when reactivation of a latent CMV infection will occur (37, 49) . In the murine model, the lung is a predominant site of latency where viral genome load is high and reactivation is frequent (2) . In our study, we detected mCMV DNA in lungs, spleens, livers, and kidneys. However, we did not detect a reporter of productive infection, ␤-galactosidase, in any of five different organs, including the lung, at any time in our latently mCMV-infected mouse model. Therefore, although we cannot fully discard that viral replication had occurred elsewhere in the latently infected mice, the presence of viral DNA with the lack of detectable productive infection in five organs, together with evidence from many other studies, implies latent infections (63) .
Mesenteric arteries from young latently mCMV-infected mice showed increased PE-induced vasoconstriction with small changes in endothelial-dependent and -independent vasodilation that offset each other. These results are consistent with other studies showing that angiotensin II (6) and bradykinin (17) are up-or downregulated during an active CMV infection, respectively, and induce a hypertensive phenotype (6) . Mesenteric arteries from young and mid-aged latently mCMV-infected mice had minimally but significantly reduced ME-induced endothelium-dependent vasodilation similar to previous findings in cremaster arteries in a model of persistent mCMV infection (28) . Here the authors found a greater reduction in vasodilation using the intravital system in which circulating mediators remain in contact with the intact arteries unlike the pressure myograph system used in this study in which arteries are dissected and infused with physiological saline. Other circulating vasoconstrictors likely impact the dilation responses during intravital microscopy. In contrast and contrary to our hypothesis, mesenteric arteries from aged latently mCMV-infected mice showed increased ME-induced vasodilation similar to our previous studies in young actively infected mice. We and others have shown that aging (22, 56) , mid-aged (B and E), and aged (C and F) latently mCMV-infected and age-matched uninfected mice. Results were expressed as means Ϯ SE percent increase in lumen diameter compared with the initial diameter at 4 mmHg. Significant differences were assessed as for Fig. 2 . Where error bars are not visible, the errors are too small to be seen at this scale. *P Ͻ 0.05, significant differences; n ϭ number of animals.
and CMV infections (6, 14, 17, 19, 28, 31) are associated with increased blood pressure, vascular stiffness, and vascular dysfunction. The systemic vasculature in aging may compensate for the combined insults of aging and infection with increased endothelium-dependent vasodilation, even in the presence of a latent, not active, mCMV infection (12) . Even though there does not appear to be an increased contribution of NO synthase (NOS) activity or increased sensitivity of smooth muscle cells to NO in mesenteric arteries from aged infected mice, it is possible in an in vivo situation that conditions of increased oxidative stress as found in aging could lead to overall reduced NO bioavailability and reduced vasodilation as found using intravital miscroscopy (28) .
Uterine arteries from latently mCMV-infected mice responded differently to PE, SNP, and ME than mesenteric arteries. In uterine arteries from young latently mCMV-infected compared with uninfected mice, the vasoconstriction induced by PE and the sensitivity to ME were both increased. The increase in both vasodilation and vasoconstriction may be explained by changes to artery composition and receptor expression. We previously reported changes in distensibility (12) , also observed in the current study in arteries from young latently infected mice, which can impact both vasodilation and vasoconstriction. CMV also increases smooth muscle cell proliferation (62) , which may contribute to increased vasoconstriction. Furthermore, inflammation and damage of the endothelium have also been associated with a CMV infection, both of which are important to the development of vascular diseases (3). Further evidence illustrates that an infection with CMV increases cellular cGMP (1) and induces the transcription factor, NF-B, which can lead to the activation of the muscarinic 3 receptor (43) . This receptor is the primary muscarinic receptor responsible for vasodilation in uterine arteries (44) . NF-B activation is also increased during inflammation, and persistent or latent CMV infections are associated with increased inflammation and endothelial cell activation (28) . Thus a latent or persistent CMV infection may also contribute to increased vasodilation in uterine arteries. Further studies must be performed with other vasoconstrictory drugs to determine whether the vasoconstriction responses we observe in either the presence or absence of a CMV infection are a generalized phenomenon or specific to ␣ 1 -adrenergic agonists.
In uterine arteries from mid-aged latently mCMV-infected mice, the dramatic increase in sensitivity to PE-induced vasoconstriction in the absence of a comparable compensatory increase in vasodilation could lead to reduced uterine blood flow. This could contribute to the reduced number of completed pregnancies in mid-aged latently mCMV-infected compared with age-matched uninfected mice (16.7 vs. 46.7%, respectively). Although C57BL/6J mice are fertile until 12 mo of age, the frequency of gestational complications, including embryo resorptions, increases with age (24) . Thus the reduced fertility in the mid-aged uninfected animals is not unexpected (46.7 compared with 83.3% in young uninfected mice) (21) . However, it is surprising that vascular dysfunction and reduced fertility appear to be exacerbated in mid-aged latently mCMV Comparison of vascular responses in mesenteric and uterine arteries from young, mid-aged, and aged uninfected mice. PE-induced vasoconstriction for mesenteric (A) and uterine (D) arteries, ME-induced vasodilation for mesenteric (B) and uterine (E) arteries, and SNP-induced vasodilation for mesenteric (C) and uterine (F) arteries were measured and compared among the 3 age groups. Results were summarized and are presented as means Ϯ SE. Significant differences between the curves were calculated using a repeated-measures 2-way ANOVA with Holm-Sidak's post hoc analysis (P Ͻ 0.05). Significant differences: *P Ͻ 0.05, mid-aged compared with young; #P Ͻ 0.05, aged compared with young. infected mice, where an active infection was not detected. These results in addition to recent studies describing the importance of viral infections in recurrent spontaneous abortion and stillbirths (25, 39) emphasize the importance for further investigation into the adverse effects of HCMV infection on fertility and pregnancy outcomes in addition to its devastating and well-known effects in congenital infections.
In aged mice, uterine arteries from latently mCMV-infected and uninfected mice did not differ in response to PE. However, there was an overall increase in endothelial-dependent vasodilation that was not due to changes in NOS activity along with a decrease in smooth muscle sensitivity to NO in uterine arteries from aged latently mCMV-infected mice. This suggests that vasodilation mechanisms may be reduced in vivo in uterine arteries compared with mesenteric arteries with age. As aged mice are no longer reproductively active (24) , increased uterine artery blood flow is less important than in young and mid-aged mice. In contrast, it is essential to compensate for vascular dysfunction in systemic (mesenteric) vascular beds that regulate blood pressure and cardiovascular function (36) . The increase in ME-dependent vasodilation in mesenteric arteries from aged latently infected mice does not appear to be dependent on NOS or prostaglandin activity or an increase in smooth muscle sensitivity to NO, similar to findings in cremaster arteries from young persistently CMV-infected mice (31) . It is therefore likely to be due to changes in other endothelium-derived hyperpolarizing factors that may contribute to ME-induced vasodilation (4). This is in contrast to our previous study in young active mCMV-infected mice (12) .
CMV latency is established in the host as a lifelong infection. Reactivated CMV is associated with several vascular diseases that occur with age, including atherosclerosis (34) . During active CMV infections, CMV-specific T cells resolve active infections and maintain latent infections in part through the production of several cytokines such as interferon-␥ (IFN-␥) (46, 60) . Effectively reducing viral load as occurs in fully immunocompetent hosts accelerates the establishment of latency and reduces the incidence of reactivation (49) . Cytokine production is reduced in immunosuppressed individuals, who are highly susceptible to CMV disease (11) . IFN-␥ also inhibits reactivation of mCMV and sustains latency (46) . Interestingly, IFN-␥ causes vascular dysfunction itself (53) . It reduces sensitivity to NO, decreases endothelial NOS, and increases inducible NOS expression in human coronary artery allografts (29) . Platelet adhesion, a marker of inflammation, was increased in HCMV-infected human pulmonary artery endothelial cells (48) and in postcapillary venules from mice with a persistent mCMV infection (28) . Therefore, immune response mediators that increase during active or latent mCMV infections likely contribute to the vascular dysfunction and vasculopathies. In support of this, we have recently shown that an active in vivo mCMV infection has greater vascular effects than those seen after viral attachment or early viral entry (13, 14) . Measuring circulating levels and testing the effects of several inflammatory cytokines, including IFN-␥ and TNF-␣, on vascular function to compare the direct and indirect effects of a CMV infection will be important.
Finally, it is perhaps surprising that we found few differences in vascular responses when comparing young, mid-aged, and aged mice, independent of mCMV infection. Moreover, aging appeared to increase vasodilation, which is opposite to the decrease in vasodilation that might be expected given the previously published decreases in NO production, bioavailability, and smooth muscle sensitivity with age alone (27, 54 -56) . The increased uterine and mesenteric vasodilation to endothelial-dependent and independent vasodilators, respectively, may be compensatory mechanisms in this animal model to deal with the increased vascular dysfunction that occurs with normal aging (30) . Increased capacity for vasodilation could perhaps explain the finding that myogenic tone is reduced in mesenteric arteries from both male and female mid-aged and aged mice compared with young mice (18) . Although there were no differences observed in PE-induced vasoconstriction with aging alone in this study, in contrast to increases in vasoconstriction in the rat model (38) , our findings are consistent with other C57BL/6 mouse studies (18) .
We are the first to show that both active and latent mCMV infections cause vascular dysfunction in two different types of arteries at several different ages. Determining what mediators are involved in vascular dysfunction during CMV infections will be very important in targeting viral-induced factors that exacerbate vascular-specific complications that occur with age. Understanding CMV-induced vascular dysfunction will increase our knowledge of the development of cardiovascular diseases associated with a CMV infection, and the vascular complications that may contribute to infertility in mid-aged CMV-infected women. Taken together, these results and those of our combined studies (12) (13) (14) emphasize the importance of both direct and indirect effects of both active and latent mCMV infections on vascular responses in pregnancy and aging.
